We hypothesize that biogeochemical processes in a subterranean estuary in the northeastern Gulf of Mexico significantly alter nutrient concentrations that are discharged into the ocean via submarine groundwater discharge (SGD). This subterranean estuary is a site of steep gradients over small spatial scales, so selecting the appropriate groundwater endmember for flux calculations is difficult. Two-endmember mixing models typically applied to investigate biogeochemical processes in surface estuaries are not useful in this case because of aquifer heterogeneity and complex solid-fluid interactions. Groundwater residence times, redox potential, source strength, and aquifer matrix appear to be the most important drivers for dissolved organic carbon (DOC) and nutrient concentrations in this pristine coastal plain aquifer. The distribution of dissolved species was consistent with a sequence of reactions in a narrow (,2 m) surface layer in which nitrate is initially exhausted (likely because of denitrification), organic nitrogen is remineralized releasing ammonium, and some DOC remains. On the basis of a 222 Rn-derived non-steady state box model, total (terrestrial + marine) SGD rates were estimated to oscillate around 11 cm d 21 . The SGD is composed almost entirely of recirculated seawater (accounting for ,95% of total SGD fluxes). Conservative estimates of groundwater-derived nitrogen inputs into the coastal ocean were 8.2 6 1.2 mmol m 22 d 21 , consisting of ammonium (58%), organic nitrogen (28%), and nitrate (14%). We suggest that these mainly represent recycled rather than new nutrient additions. When extrapolated to the Florida Gulf coast, the nitrogen and DOC fluxes were comparable to the main regional rivers, supporting the proposition that SGD plays a major role in coastal biogeochemistry.
The biogeochemical implications of submarine groundwater discharge (SGD) into coastal environments are becoming increasingly recognized. Globally, groundwater discharge has been estimated to be only a few percent of the total freshwater flux to the oceans (Burnett et al. 2006) . In spite of that small fraction, the input of nutrients to coastal environments via groundwater pathways could be globally more important because nutrient concentrations in groundwater are often much higher than those in river water. In addition, high dissolved N : P ratios in groundwater relative to surface waters might drive the coastal ocean toward P limitation within the coming decades, perhaps changing the present N-limited coastal primary production (Slomp and Van Cappellen 2004) .
The common approach for determining SGD-derived nutrient fluxes into the coastal ocean is to multiply the water flow rate by the nutrient endmember concentration in groundwater. Because saline groundwater (recirculated seawater) is also an important source of nutrients to the coastal ocean (Boehm et al. 2006; Burnett et al. 2006) , it might not always be appropriate to use nutrient concentrations measured in fresh groundwater to estimate SGDderived fluxes. Recent investigations have shown that chemical transformations in the subterranean estuary prior to water discharge could have an important effect on the dissolved species concentrations that are actually discharged (Slomp and Van Cappellen 2004; Charette and Sholkovitz 2006) . Although the use of geochemical tracers (such as 222 Rn and radium isotopes) have largely increased our capabilities to derive regionally integrated SGD rates (Burnett et al. 2006; , it still remains unclear how to identify dissolved species endmember concentrations in a subterranean estuary for calculating SGD fluxes.
The ''subterranean estuary'' is defined as the area in which groundwater derived from recharge on land mixes with seawater that has invaded the aquifer (Moore 1999) . This term was coined to emphasize the importance of mixing and chemical reactions that occur in coastal aquifers. In contrast to surface estuaries, subterranean estuaries are usually characterized by longer residence times, stronger particle-water interactions, and lower dissolved oxygen content. Although the biogeochemical processes regulating the input, recycling, and removal in surface estuaries and their transfer to the oceans are relatively well known, their subterranean counterparts are only beginning to be explored. The few investigations available were usually in nutrient-affected areas, based on limited surveying, or both. For example, Beck et al. (2007) observed that silicate and dissolved organic carbon (DOC) appeared to behave conservatively, whereas phosphate and nitrate were removed in a subterranean estuary from West Neck Bay, New York. However, one cannot be certain that these observations can be extrapolated to other systems and whether mixing models traditionally applied to surface estuaries can be extended to subterranean estuaries.
Increasing nutrient input from anthropogenic activities near the coast has been considered one of the greatest threats to worldwide coastal ecosystems, leading to a reduction in aquatic biodiversity, alteration of food webs, a disordered growth of primary producers (including harmful algal blooms), and increased respiration rates in response to the rapid production of organic matter. Nitrogen-driven coastal eutrophication is widespread and increasing worldwide. Recent reviews assessing the causes and consequences of eutrophication trends largely neglect SGD as a potential source of nitrogen (Scavia and Bricker 2006; Brandes et al. 2007) . Although river-derived nutrient inputs into the coastal ocean tripled between the 1970s and the 1990s , little is known about similar changes in the groundwater contribution. One can expect, however, that as human activity on coastal watersheds increases, the role of groundwater-borne nutrients to the receiving waters will also increase (Bowen et al. 2007) .
What is the contribution of groundwater to coastal nutrient budgets and how does it affect eutrophication? It was recently hypothesized that hurricanes trigger higher than average SGD rates along the Florida Gulf coast, which, in turn, would supply the missing nitrogen necessary to fuel red tide nitrogen demand (Hu et al. 2006 ). Because only a few investigations have assessed SGD-derived nutrient fluxes to coastal Florida, it is currently difficult to test whether SGD contributions actually do trigger and sustain red tide nutrient demand. Although fresh groundwater nutrient concentrations might be relatively low, processes occurring at the freshwater-seawater mixing zone might enhance the amounts that are actually discharged.
We hypothesize here that biogeochemical processes in the subterranean estuary significantly alter nutrient concentrations that are discharged into the ocean via SGD. By measuring nutrients and associated SGD rates seasonally in a noncontaminated subterranean estuary from northwest Florida, we hope to advance our understanding of the role of groundwater on coastal nutrient budgets. We report a detailed data set indicating that this subterranean estuary is a site of steep gradients and complex biogeochemical processes. A 222 Rn-derived non-steady state box model allowed us to estimate total (saline + fresh) SGD rates and therefore calculate nutrient fluxes.
Groundwater sampling and analysis
Groundwater was sampled in Jun and Oct 06 and Feb 07, representing summer, fall, and winter conditions, respectively. To acquire a two-dimensional picture of the nutrient distribution in the freshwater-seawater mixing zone, we sampled groundwater in shore-normal vertical profiles following the general strategy used by Charette and Sholkovitz (2006) to investigate the biogeochemistry of iron and other metals in a subterranean estuary in Massachusetts. Samples were collected with a stainless steel drivepoint piezometer system (''Retract-a-Tip,'' AMS). Basically, we insert the closed tip into the sediment to the desired depth. By then lifting the system slightly, the 6.5-cm screen opens. More detailed descriptions of this device can be found elsewhere (Charette and Allen 2006; Charette and Sholkovitz 2006) .
The drive-point piezometer was installed in a distribution designed to sample throughout the salinity gradient of the subterranean estuary. We attempted to sample a completely fresh profile on the landward boundary and a completely saline profile on the ocean side. Groundwater samples were usually collected at ,0.5-m vertical and ,2.5-m horizontal intervals (Fig. 1) . When apparent chemical gradients were encountered, we sampled at closer intervals to acquire a finer scale resolution. The deepest sample in each vertical profile was usually collected when the rock substrate was reached (,5 m) . It took about 6 h to sample each vertical profile. We tried to ensure that the upper 2-3 m, supposedly the most dynamic area of our subterranean estuary, were sampled during the falling tide. Water was pumped through the acid-cleaned Teflon tubing by creating a negative pressure, either with a hand vacuum pump or polyethylene syringes. The tubing was thoroughly flushed with groundwater for each sample depth before sampling. Salinity, temperature, pH, and redox potential were measured with YSI probes immediately after collection.
Samples for inorganic nutrients, DOC, and total dissolved nitrogen (TN) analyses were filtered through disposable 0.7-mm Whatman GF/F syringe filters. Replicate samples were collected after discarding a small amount of filtered water. Immediately after filtering, nutrient samples were kept on ice until they could be frozen in the lab (within a few hours of collection). Nutrient analyses were conducted within 1 week of sampling by standard colorimetric methods (Grasshoff et al. 1999 ) after appropriate dilutions. Analytical errors, on the basis of the standard deviations of triplicate samples, were ,6% for nitrate, phosphate, and silicate and ,9% for ammonium. We analyzed nitrite in our first experiment, but it was undetectable in all the samples. To ensure that the phosphate results were not compromised by iron precipitation during sample holding, we conducted a brief experiment. We added H 2 SO 4 to some archived samples and immediately after collection to some new samples for comparison (Grasshoff et al. 1999) . We found no differences between the phosphate concentrations in the experimental (acid-added) and control groups (nonacidified). DOC and TN samples were acidified to pH 2 with HCl, sealed into glass ampoules in the field and analyzed with a Shimadzu TOC-V CPH total organic carbon analyzer equipped with a TNM-1 total nitrogen measuring unit. Errors for DOC and TN were within 5%. Dissolved organic nitrogen (DON) was calculated as the difference between the TN and the sum of NH 
Radon measurements and SGD estimations
We use 222 Rn for estimating total groundwater advection rates. It is an excellent natural tracer for identifying SGD because its half-life (3.8 d) is comparable to the timescale of most coastal process, it is two to four orders of magnitude more concentrated in groundwater than seawater, and it is conservative (Cable et al. 1996) . For measuring 222 Rn, coastal seawater was continuously pumped to a shorebased laboratory from a dedicated seawater pumping system located approximately 500 m west of our groundwater sampling spot. We used a portable continuous radonin-air monitor modified for radon-in-water (Rad-7, Durridge; Burnett et al. 2001) . The approach of this system is based on the equilibration of a stream of flowing water with a stream of air that is recirculated through an airwater exchanger and the Rad-7. The Rn equilibration partitioning between the gas and the liquid phase is controlled by temperature, so we determine the solubility coefficients by continuous temperature measurements. Water depth was also measured continuously with an ultrasonic water level meter. Precipitation, atmospheric pressure, and wind speed data were obtained online (www.wunderground.com) from a weather station located at Alligator Point, about 10 km away from our study site.
A complete description of the calculations required for estimating SGD on the basis of 222 Rn can be found elsewhere (Burnett and Dulaiova 2003) and has been applied in many settings (see reviews by Burnett et al. 2006 and . Briefly, it is assumed that the temporal variability of the total inventory of 222 Rn in the water column is balanced by the difference between its total inputs and total losses. The time steps in our measurements are only 1 h apart, so our week-long observation periods provided over 100 measurements. Assuming that benthic fluxes of radon are driven mainly by groundwater inputs, we converted calculated 222 Rn fluxes to water advection by dividing the estimated total 222 Rn fluxes by the estimated groundwater radon endmember concentration (129,000 dpm m 23 ; Lambert and Burnett 2003 ). An automatic continuous heat-type seepage meter (Taniguchi and Iwakawa 2004) was deployed in Feb 07 30 m off our groundwater sampling spot. Salinity measurements inside the seepage meter and in the surrounding seawater were made with ceramic conductivity-temperature-depth (CTD) divers (Van Essen Instruments) for estimating the freshwater fraction of SGD (Garrison et al. 2003) .
Site description
The experimental site is located in the northeastern coastal Gulf of Mexico (Turkey Point), a site where several previous SGD studies have been conducted (Cable et al. 1996; Burnett and Dulaiova 2003; Lambert and Burnett 2003) . The exact site (29u54.9759N; 84u30.4839W) is approximately 200 m east of the Florida State University Marine Laboratory (FSUML) located 80 km south of Tallahassee, Florida (Fig. 1 ). This area is well known for the presence of both diffuse seepage near shore (from the unconfined aquifer) and submarine springs (from the confined Floridan Aquifer). The silt and clay sand aquifer sits atop a layered dolomite and limestone platform, which hosts one of the most prolific aquifers in the world (the Floridan Aquifer).
The surficial aquifer is recharged locally by precipitation. Annual mean precipitation for the region is ,150 cm, with most rainfall usually from June to October and the lowest precipitation occurring in November and December and March to May. The tides are mixed with an average range of 0.85 m. The seafloor is characterized by gently sloping topography away from the coast, resulting in a water depth of only ,2 m as far as 1,000 m offshore (Lambert and Burnett 2003) . On the basis of in situ qualitative observations (e.g., groundwater pumping rate, water color, and the occurrence of residual sediment attached to the drive-point screen), we characterized the main types of sediment at our study site (Fig. 1) . The upper meter of the shallow aquifer consists essentially of sand. The amount of mud increases until a grey mud layer appears at ,3 m. The carbonate rock substrate is irregular, but usually found around 5 m below the surface. These observations qualitatively agree with hydraulic conductivities measured from monitoring wells, reported as ranging from 2.6 3 10 25 cm s 21 at 0.3 m to 1.7 3 10 26 cm s 21 at 3 m below the surface (Smith and Zawadzki 2003) .
General characteristics of the ''upper'' subterranean estuary A remarkable characteristic of our study site is the sharp gradients of salinity, redox potential, and pH (Fig. 2) . For example, pH ranged from 4.7 to nearly 8 within a 2-m vertical distance. A near-surface low-pH plume was observed during all three sampling periods, which could be explained either by infiltration of acidic rainwater, leaching of stranded organic matter, or both. At least two lines of evidence favor the organic matter leaching hypothesis. First, the low-pH plume was observed independent of whether groundwater was fresh (Jun 06) or saline (Oct 06). Second, the pH signal was strongest in the summer, when the amount of marine organic debris stranded on the beach was the highest. Redox potential values were usually negative, ranging from -246 to +168 mV. A near-surface oxic layer was observed both in Oct and Feb 07. The variability in sediment type, pH, and redox potential at this site appears to be more pronounced than in other investigated subterranean systems, such as southern Brazil (Windom and Niencheski 2003) and the northeastern United States (Charette and Sholkovitz 2006) .
We also found a high degree of spatial variability in the salinities and the occurrence of saline water overlying freshwater. Salinity ranged from near 0 to 32 over small distances (i.e., ,2 m vertically and ,4 m horizontally). In Jun 06, the sharpest gradients in salinity occurred horizontally ( Fig. 2A) , whereas in Oct 06, vertical gradients were stronger (Fig. 2B) . In Feb 07, saline water moved a few meters seaward and was located in between freshwater layers (Fig. 2C ). The patterns of salinity distribution allow us to propose a conceptual model for the evolution of this upper subterranean estuary. Here, we define the upper subterranean estuary as the space in which salinity gradients are controlled by tidal pumping.
The salinity distribution during our three experiments was contrary to the expected distribution on the basis of density (i.e., denser saline water overlaid less dense freshwater). This inverse salinity gradient can be explained by recharge of saline water during rising tides. Our results show that the higher the sea level, as illustrated by a storm surge preceding the Oct 06 survey (shown later), the further onshore the salinity plume extended. The higher the precipitation rate, as observed in Feb 07 (Table 1) , the further the upper subterranean estuary moved offshore. A feature that has not been previously observed elsewhere was the upper ,1-m freshwater plume as a consequence of the high precipitation preceding the Feb 07 survey. The occurrence of this feature indicates that there could be at least three freshwater-seawater interfaces controlled by different drivers: (1) the upper 1 m is a transient feature driven essentially by infiltration of recent rainfall; (2) the second interface (around 3 m) underlying the upper transient phase is also driven by surface processes and controlled by variables such as tidal amplitude, beach slope, and sediment permeability; and (3) the deep third interface (not sampled here) is constrained by the wellknown Ghyben-Herzberg relation and more commonly investigated by coastal hydrologists.
Some investigations have neglected the importance of tidal forces and treated the salinity transition zones as a feature driven exclusively by the water table level and density differences between seawater and overlying freshwater following the Ghyben-Herzberg relation. According to this principle, the salinity transition zone in an unconfined subterranean estuary can be found at a depth ,40-fold that of the height of the water table. If we apply this relationship for a site located ,15 m from the high tide line, where we usually measure water table levels ,1 m above sea level (Table 1) , we could predict that saline groundwater would be found at a depth of 40 m. Therefore, although the spatial scale of the ''lower'' subterranean estuary is on the order of a few tens of meters, the scale of its upper counterpart is on a scale of only a few meters. Even though processes in the lower estuary (i.e., where salinity gradients are driven by the Ghyben-Herzberg relation) might be important from a water resource perspective, we will later demonstrate that transient processes (i.e., tidal pumping) in the upper subterranean estuary account for ,95% of the groundwater fluxes into the coastal ocean at this site and are therefore of the highest biogeochemical concern.
Nutrient distributions
Nitrogen species-Nutrient concentrations in groundwater differed significantly in samples separated by only about a few centimeters, illustrating the complexity of the subterranean estuary. Ammonium and nitrate concentrations were especially variable. Whereas nitrate was absent in most samples, ammonium was ubiquitous (Fig. 2) . The general distribution pattern for nitrogen species was consistent for the three surveys. Nitrate and DON were low in the deeper samples but very high at a few spots near the vadose zone regardless of whether these samples were saline or fresh. Brackish, anoxic, deep groundwater contained the highest ammonium concentrations.
These observed distribution patterns offer insights concerning the factors controlling nitrogen species concentrations in the upper subterranean estuary. The spatial and temporal distribution of nitrate indicated that organic matter breakdown (ammonification-nitrification) is the probable source of nitrate to the surface samples. Very high concentrations (reaching 150 mmol L 21 ) were found in a small oxic area (Figs. 2, 3) , especially during the warmer months, when the amount of stranded organic debris was observed to be the highest. Much lower values (5 mmol L 21 ) were found in the winter. The surface plume of DON coincided with that of nitrate, providing further support for the ammonification-nitrification explanation. A surface plume of DOC, however, extended deeper and further to the coastline than the DON and nitrate plumes. Also, no ammonium was observed in association with the surface plumes. These patterns indicate significant losses of nitrate, most probably because of denitrification.
Denitrification requires an electron donor, which can be organic carbon, sulfide, or Fe 2+ , and is favored by anoxia (Slomp and Van Cappellen 2004) . The high concentrations of DOC associated with a sharp redox potential gradient likely create favorable conditions for denitrification at this site. It has often been assumed that nitrate might pass through sandy aquifers with minimal transformation (Valiela et al. 1990 ). However, our results indicate that denitrification could be a year-round sink for nitrogen in the subterranean estuary and that it depends on the organic matter source strength. These observations are consistent with a recent report of the occurrence of denitrification in subterranean estuaries (Addy et al. 2005 ) and point to the need of specific investigations assessing denitrification rates.
Except for near-surface samples, dissolved nitrogen was present almost exclusively as ammonium in the reducing intermediate salinity portion of the subterranean estuary. Considering that relatively high SGD rates occur here, remineralization could be significantly enhanced because advective transport can continuously supply new reactants (Windom and Niencheski 2003; Slomp and Van Cappellen 2004) . Leaching of stranded organic matter (mainly seagrass), dissolved organic matter from the nearby pine forest, and phytoplankton during tidal recharge are the most probable organic matter sources. This is supported by higher DON near the surface and higher ammonium concentrations in deeper groundwater, where the presumed longer residence time would allow the remineralization of surface-supplied DON to take place. The dominance of ammonium compared with oxidized nitrogen species appears to be a common feature in subterranean estuaries, probably because of the continuous tidal pumping of organic reactants and ammonification (Charette et al. 2001; Kroeger et al. 2007; Swarzenski et al. 2007 ).
Phosphate-Dissolved phosphate concentrations in the upper subterranean estuary averaged 2.3 mmol L 21 , ranging from nearly 0 to 12 mmol L 21 . The averages are not exceptionally high values, but still considerably higher than the associated coastal seawater concentrations (Table 2) . Nearly horizontal bands of high phosphate were observed in the three experiments, coinciding with the lowest redox potential layers (Figs. 2, 4) . Even though the location and extension of the high-phosphate bands changed, they occurred consistently near 1-2 m depth. High concentrations were also found in the very surface layer. Values approaching zero were consistently found below 3 m. We found no relationship between phosphate and salinity.
What controls the dissolved phosphate distribution in this subterranean estuary? It is evident that phosphate is not controlled by the mixing of two distinct water masses (freshwater and seawater, e.g.). The distribution pattern (Fig. 2) and the relationship between phosphate and redox potential (Eh; Fig. 4 ) are consistent with these three main processes: (1) adsorption-desorption reactions onto iron oxides in situ, (2) interactions with aquifer solids, and (3) remineralization of organic matter. Iron oxide precipitation and dissolution plays a major role in phosphate distribution (Paytan and McLaughlin 2007) . Because redox conditions control iron solubility, it indirectly influences phosphate distribution. Although we have no iron data, we observed iron precipitation in a few samples, notably in the lowest redox potential area. This observation, associated with steep pH and Eh gradients, indicates active iron cycling and the likely occurrence of an ''iron curtain,'' as found in other environments (Charette and Sholkovitz 2002; Spiteri et al. 2006) . Because of the low concentrations under ,3 m, phosphate interactions with the grey mud layer could also play an important role on its distribution. This could happen either as sorption onto negatively charged clays or coprecipitation with dissolved Al and Ca species (Slomp and Van Cappellen 2004) . Finally, the mineralization of organic matter could influence the distribution of phosphate in the surface layers, as can be inferred from the isolated near-surface spots of high concentrations of phosphate (Fig. 2) .
Silicate-Dissolved silicate concentrations varied over a wide range, from near 20 to 200 mmol L 21 . Lower concentrations (,50 mmol L 21 ) were found near the surface, whereas higher values (.100 mmol L 21 ) were consistently observed under 2 m (Fig. 2) . Concentrations as high as 300 mmol L 21 were found in groundwater from Saint George Island, a barrier island ,20 km west of our study site (Corbett et al. 2002) . Silicate appeared to act conservatively in that environment. Hence, normalizing nutrient concentrations to silicate should highlight changes in nutrient concentrations associated with nonconservative behavior. Would the same approach work for this subterranean estuary? Is silicate conservative along the freshwater-seawater interface?
Our results provide strong evidence that silicate distribution cannot be explained by mixing of a high-concentration freshwater endmember with a low-concentration saltwater endmember. Even though high silicate concentrations were usually associated with freshwater, the data are highly scattered (Fig. 5) . One could suggest that the silicate-salinity scatter plot is evidence of mixing involving three endmembers: (1) low salinity, low silicate surface water; (2) low salinity, high silicate deep water; and (3) high salinity, low silicate infiltrating seawater. However, consistent seasonal stratification of silicate in line with the aquifer lithology ( Fig. 1) was observed regardless of whether the upper 2 m of the aquifer was fresh (Feb 07) or saline (Oct 06). We thus feel that the three-endmember model would be an oversimplification of the situation. Although mixing likely plays a role in silicate distribution, other important factors controlling its distribution are probably groundwater residence time and aquifer weathering. At this study site, deep groundwater in contact with fine-grained, low- DOC-The DOC concentrations in groundwater were significantly higher than coastal seawater (Table 2 ), indicating that SGD is a potential DOC source to the nearshore ocean. Very high DOC concentrations (up to 3,000 mmol L 21 ) were found in the surface layers, whereas values considerably lower (around 300 mmol L 21 ) occurred in the deeper samples (Fig. 2) . In Oct 06, we observed a near-surface plume of high DOC directly under the area of stranded organic matter accumulation (Fig. 2W) . In Feb 07, when it was colder (Table 1) , the near-surface concentrations were higher than in Oct 06, but values for groundwater deeper than 1.5 m were similar (Fig. 2X) . We found no significant relationship between DOC and salinity, in contrast to investigations suggesting that it behaves conservatively in some surface (Bianchi et al. 1999) and subterranean (Beck et al. 2007 ) estuaries. The DOC and other variable distribution patterns indicated a sequence of reactions in which nitrate is initially exhausted (probably by denitrification), DON is remineralized (releasing ammonium), and some DOC remains.
The DOC distribution pattern is consistent with a balance of two major factors controlling its concentrations: (1) a near-surface source-possibly leaching of stranded organic matter during tidal pumping, advection of soil-derived DOC from the nearby pine forest, or bothand (2) remineralization, which seemed to be slower during the winter. Even though DOC plays a central role in the biogeochemistry of a variety of elements and is enriched in groundwater, little is known about its concentrations and driving mechanisms in subterranean estuaries. However, some general trends observed in a salt marsh from South Carolina were similar to ours (Goni and Gardner 2003) .
These authors showed that high DOC in groundwater occurs in areas affected by tidal pumping. In addition, they found negative correlations between the DOC in shallow groundwater and temperature as a result of enhanced microbial activity and degradation of DOC during warmer periods.
Nutrient-salinity relationships-Nutrient distributions in surface estuaries are usually modeled as linear mixing (conservative), first-order removal (biological productivity), and parabolic input (regeneration), with the assumption that biological productivity is the main factor controlling nutrient distribution (Kaul and Froelich 1984) . In such an analysis, salinity is typically used as the conservative property, and the composition of mixing endmembers is assumed to be constant. Can we apply such a simple mixing model to subterranean estuaries?
Because no significant (for nitrate, ammonium, phosphate, and DOC) or weak (silicate) relationships were observed between nutrient and salinity, the classic twoendmember mixing models are not applicable to the subterranean estuary described here. The vertical hydraulic conductivities may be one order of magnitude lower than the horizontal conductivities at this site (Smith and Zawadzki 2003) , so vertical mixing is probably reduced compared with horizontal dispersion. Even if we try to apply such mixing models to selected individual sediment layers, we have found no apparent relationships between nutrient concentrations and salinity. This indicates that not only the vertical, but also the horizontal, advective mixing has less control over nutrient concentrations than the biogeochemical reactions taking place, even in these highly permeable sands. Therefore, despite the sharp salinity gradients, other factors rather than mixing and biological removal (i.e., sediment type, pH, redox potential, and residence time) seem to exert a stronger control on nutrient concentrations. However, we should point out that saline recharge during rising tides appears to be the ultimate factor triggering the observed biogeochemical gradients. We hypothesize that tidal pumping supplies organic reactants (particulate marine organic matter), leaches the stranded seagrass, or both. The remineralization of these organic reactants would represent a major source of nutrients to shallow beach groundwater at our site.
Even though a few authors have attempted to apply twoendmember mixing models to subterranean estuaries, their correlations were either limited (Ullman et al. 2003; Charette and Sholkovitz 2006) or hampered by a small sample size (Beck et al. 2007 ). For example, by looking at the deviations from linearity and assuming that the average SGD rate and rates of nutrient transformations are constant, Ullman et al. (2003) suggested that substantial diagenetic additions of nutrients occur to the groundwater discharging into the estuary of Cape Henlopen, Delaware. Although these general conclusions seem reasonable, they are somewhat uncertain because SGD rates, and therefore the transport of electron donors into the coastal aquifer, are highly variable over timescales ranging from hours to months (Kim and Hwang 2002; Michael et al. 2005) . Although conservative behavior might hold true for fastflowing, homogeneous systems (i.e., volcanic and karst aquifers), we suggest that groundwater residence times, redox potential, source strength, and aquifer matrix are the more important drivers for the dissolved nutrient concentrations in the coastal plain aquifer studied here. In such a case, two-endmember mixing models have limited application.
SGD fluxes and drivers
Because radon and other groundwater tracer distributions at this study site have already been addressed (Burnett and Dulaiova 2003; Lambert and Burnett 2003 ), we will not focus our attention on radon dynamics but use radon observations to estimate SGD rates. Seawater radon concentrations oscillated around 6,000 dpm m 23 during each of the three week-long sampling periods (Fig. 6) . Water level fluctuations and wind speed influenced 222 Rn distributions, clearly visible for the Feb 07 222 Rn time series. In Oct 06, the occurrence of high wind speeds and a storm surge significantly removed radon from the system. Subsequent to the storm, radon was regenerated after a few days (Fig. 6) , illustrating the importance of SGD inputs.
Advection rates that are based on the radon model (see Burnett and Dulaiova 2003 for approach and assumptions) were 12.4 6 3.0 (n 5 117), 13.1 6 1.0 (n 5 180), and 8.6 6 0.6 cm d 21 (n 5 192) for Jun 06, Oct 06, and Feb 07, respectively (the errors reported here represent 95% confidence intervals rather than standard deviations). These fluxes were confirmed occasionally by use of other methods. In Feb 07, for example, we found advection rates derived from a single continuous heat-type automated seepage meter averaging 13.2 6 1.2 (n 5 872) cm d 21 , in good agreement with the radon model, even if one considers the limitations inherent to seepage meter measurements. While the seepage meter provides a discrete observation from a limited area (0.25 m 2 ) and can be affected by artifacts (Burnett et al. 2007 ), the radon model is a more integrated approach. Because the radon model is based on nearly 1 week of continuous observations (1 h for each measurement interval), the 95% confidence intervals represent natural temporal fluctuations associated with tidal pumping (Kim and Hwang 2002; Burnett and Dulaiova 2003) , rather than uncertainties.
Both terrestrial (i.e., hydraulic gradient) and marine (i.e., tidal pumping, wave setup, and density gradients) driving forces contribute to the total SGD derived from the radon model. Although it is often difficult to separate the relative contribution of these forces, we have several lines of evidence, not only from modeling (Smith and Zawadzki 2003) but also from recent observations, to conclude that marine forces are the dominant SGD drivers at this site. First, the tide-related radon distribution (Fig. 6) indicates that tidal pumping is important. Second, the water emanating from sediments has a salt content similar to seawater. During the Feb 07 experiment, we continuously measured salinity inside a seepage meter (assuming it represents the water emanating from the sediments) and in the overlying seawater (assuming it represents the water recharging the coastal aquifer) for nearly 1 week. We found salinities averaging 30.3 and 31.6, respectively. By applying a two-endmember mixing model (Garrison et al. 2003) , we estimate that the freshwater contribution to total SGD was only 4.3% in this case.
We can also derive the terrestrial component of SGD by the use of continuous observations of groundwater level (Fig. 7A) in a 3-m-deep, freshwater well located 15 m onshore from the high tide mark. The local water table responds very quickly (on a scale of hours) to rainfall events. Whereas immediately after rain events the water table drops relatively rapidly, it drops at a slower rate of ,2 cm d 21 after several hours (Fig. 7B) . After accounting for local porosity (,0.3) and neglecting evapotranspiration, we can assume that the observed rate of decay of the water table is equivalent to fresh SGD, which would be ,0.6 cm d 21 most of the time. By comparing these figures with our radon-derived advection rates (,11 cm d 21 ), we estimate that the freshwater contribution to total SGD would be around 6%. Our independent observations are thus consistent with each other and with a previous numerical model for this system (Smith and Zawadzki 2003) , allowing us to conclude that the marine forces are dominant and must account for nearly 95% of the total 222 Rn-derived SGD. This was also found in a few other settings in which similar investigations were conducted, such as Huntington Beach, California (Boehm et al. 2006) , and in small bays in Japan (Taniguchi and Iwakawa 2004) . A higher contribution of fresh SGD might be expected where conduits (such as lava tubes and karst caves) are present and the hydraulic gradient is high (Garrison et al. 2003; Lee and Kim 2007) .
Seepage rates usually decrease exponentially offshore. By conservatively assuming a seepage face of 200 m in our study area, as previously assessed by seepage meters , we converted advection rates to water volume fluxes per unit length of shoreline. We estimate total SGD fluxes ranging from 17 to 26 m 3 m 21 d 21 . Although our results only represent nearshore SGD (,200 m from shoreline), we realize that there might be significant flow offshore as well. In Florida many point groundwater sources (springs) can deliver large amounts of solutes to the ocean and are not accounted for in our approach. Advecting fluids were reported on the shelf up to 28 km off our study site (Moore 2003) . Therefore, not only are the assumptions made in the radon model conservative (see details in Burnett and Dulaiova 2003) , but the definition of the area in which discharge is occurring is considered a lower limit as well. This means that our total SGD estimations (Table 1 ) represent minimum discharge rates; thus, nutrient fluxes that are based on these values should represent lower estimates.
SGD-derived nutrient fluxes and biogeochemical implications
The most straight-forward approach for determining groundwater-derived fluxes of nutrients into the ocean is by multiplying nutrient concentrations in the groundwater endmember by the measured advection rates. However, because nutrient concentrations in the subterranean estuary are extremely variable, it is difficult to determine the most appropriate groundwater endmember concentration. A suggested approach for reducing this uncertainty is to collect a large number of samples along the entire length of the estuary, including points just before discharge, which should provide reasonable upper and lower limit estimates (Charette 2007) .
We make an attempt here to accurately quantify both the nutrient endmember and the SGD rate. Although the total SGD rates seem to be well constrained from the 222 Rn model, we consider a few options to define nutrient endmember concentrations: (1) Use average nutrient concentrations from the fresh groundwater samples. This would require the assumption that nutrients are conservative in the subterranean estuary, which is clearly not the case at this site. (2) For systems in which the total SGD is dominated by recirculated seawater, one might assume that the nutrient endmember is equal to the average nutrient concentrations in saline groundwater minus the average seawater concentration. (3) Another possible approach is to average the nutrient concentrations in the upper 2 m of the coastal aquifer and again remove the contribution of seawater recharge. This is not only the most permeable layer in which most of the seepage is likely derived, but also the area in which most biogeochemical reactions are taking place. (4) We can also use nutrient concentrations measured from seepage meters, nearshore shallow porewater, or both. This should represent the nutrient concentrations discharged after all biogeochemical processes have occurred.
It is noteworthy that regardless of which endmember approach we choose, nutrients in groundwater are always enriched in relation to coastal seawater (Table 2) . Hence, independent of our assumptions, SGD is clearly a net nutrient source to the coastal ocean. Our average nutrient concentrations in the different pools were comparable (Table 2) , so if we were to assume that no transformations occur in this subterranean estuary (approach 1 above), the fresh versus saline nutrient fluxes would equal the relative water fluxes. Other locations, especially faster flowing contaminated systems, might not be similar. Because of the large contribution of recirculated seawater to the total SGD at our site, approach 2 seems the most reasonable in our case, and we used it to estimate the nutrient fluxes presented in Tables 3 and 4 . If we had chosen approach 3, the fluxes would be very close to approach 2 because nutrient concentrations in the upper 2 m are usually within the 95% confidence interval of concentrations in saline groundwater ( Table 2 ). The use of approach 4 is hampered by possible artifacts associated with seepage meter deployment (Burnett et al. 2007 ) and was not explored here.
By assuming that our nutrient fluxes, as shown in Table 3 , are representative of the whole Florida Gulf coast, we can compare SGD fluxes with river inputs. For purposes of illustration, we assign a coastline length of 1,200 km, equivalent to the linear length of the Florida Gulf coast. We recognize that such extrapolation is tenuous Table 3 . and emphasize that 1,200 km represents a straight shoreline neglecting complex coastal features, such as bays and barrier islands that would largely increase the effective SGD area. This analysis shows that SGD nitrogen fluxes could rival inputs from the most important rivers in Florida (Table 4) . We recognize, however, that whereas rivers introduce ''new'' nutrients into the ocean, SGD nutrients in this area are probably mostly recycled. Other potential sources, such as atmospheric deposition and diffusion from sediments seem to be much smaller. For example, in the nearby highly productive Apalachicola Bay, average dissolved inorganic nitrogen diffusive fluxes were 0.6 mmol m 22 d 21 , one order of magnitude lower than our estimated specific advective fluxes (Table 3) . We should point out that our estimates for SGD fluxes are extremely conservative, not only because our total SGD rates derived from the radon model are likely minimum rates, but also because nutrient data were gathered in an area not affected by wastewater or other human inputs. Contaminated coastal groundwater in Florida obviously contains much higher nutrient concentrations, especially ammonium (Corbett et al. 2002) . In addition, because ammonium is the nitrogen form most readily available to primary producers, the SGD contribution could represent a greater biogeochemical significance than the river contribution. Nitrogen export from the Apalachicola River consists of organic nitrogen (60%), nitrate (34%), and ammonium (6%) (Fu and Winchester 1994) . In contrast, our SGD-derived inputs consist of ammonium (58%), organic nitrogen (28%), and nitrate (14%).
In addition to the speciation and magnitude of nitrogen input, we should also consider the nitrogen-to-phosphorus ratios. Nutrient proportions are a key factor for determining what limits primary productivity in coastal environments. Phytoplankton usually assimilate nitrogen and phosphorous at an atomic ratio near 16. Levels of ,16 indicate excess phosphate, whereas values .16 indicate excess nitrogen. Generally, the N : P ratio in the coastal ocean, including most of the coastal Gulf of Mexico (Bianchi et al. 1999) , is ,16, so nitrogen is usually considered the main limiting factor for primary producers. In our subterranean estuary, N : P ratios varied over a wide range (from 6 to 813; overall average 103) as a consequence of the different processes influencing nitrogen and phosphorus concentrations. N : Si ratios might also be important in structuring phytoplankton communities. Whereas diatom blooms tend to occur at N : Si ratios around or ,1, most harmful species (e.g., flagellates or dinoflagellates) bloom at higher ratios (Kristiansen and Hoell 2002) . The N : Si ratios at our subterranean estuary were highly variable, as high as 18. Probably as a result of high local groundwater inputs, N : P and N : Si ratios in the coastal seawater at this site were relatively high (minimum of 25 and 2, respectively). Because most groundwater environments have high nitrogen proportions, groundwater inputs, especially in contaminated areas, could be associated with eutrophication risks and contribute to the degradation of the coastal ocean (Slomp and Van Cappellen 2004) . Because the ocean off our study site is a shallow, semienclosed environment, such risks could be magnified in the case of nitrogen overenrichment in groundwater.
Even though extrapolating our results to the entire Gulf Coast of Florida is an oversimplification, the results illustrate the importance of SGD fluxes on a regional scale and highlight the need for further investigations. Other investigators have also found that SGD-derived nutrient inputs were either comparable or higher than river inputs in estuaries and salt marshes (Krest et al. 2000; Kelly and Moran 2002) , on the continental shelf (Windom et al. 2006) , in eutrophic bays (Hwang et al. 2005; Kroeger et al. 2007 ), on coral reefs , and even in riverdominated coastal areas (Burnett et al. 2007 ). Other recent investigations suggested that SGD-derived nitrogen could lead to algal blooms (Hu et al. 2006) . The body of evidence thus clearly indicates that SGD-derived nutrient fluxes have a global biogeochemical relevance.
We have reported a detailed nutrient and DOC data set from a pristine subterranean estuary from north Florida and associated SGD fluxes derived from 222 Rn measurements. Biogeochemical processes in the subterranean estuary significantly alter nutrient concentrations that are discharged into the ocean via SGD. A number of processes were evoked to explain the distribution patterns observed for the variables under investigation. We suggest that denitrification occurs in a narrow surface band, especially during the warm months. Conventional sampling (e.g., monitoring wells onshore) would be insufficient to resolve such spatial variability. Ammonium was ubiquitous in the subterranean estuary and was probably derived from organic matter remineralization. Phosphate cycling was apparently associated with organic matter remineralization, iron oxides precipitation or dissolution, and interactions with aquifer solids. Silicate, in turn, appeared to be controlled by aquifer weathering and groundwater residence time. Two-endmember mixing models typically applied to investigate biogeochemical processes in surface estuaries have limited usefulness in this type of subterranean estuary because of aquifer heterogeneity and strong solid-fluid interactions. Hence, the aquifer matrix should be taken into account when investigating dissolved species distribution in subterranean estuaries. A 222 Rn-derived non-steady state box model, confirmed by independent seepage meter deployments, allowed us to estimate total SGD rates and therefore calculate nutrient fluxes. Nutrient concentrations in groundwater were highly variable over small spatial scales, so selecting the groundwater endmember for flux calculations could be more complex than previously thought. Because SGD at our study site was composed essentially of recirculated seawater (accounting for nearly 95% of total SGD fluxes), we used the average nutrient concentration in saline groundwater minus the average seawater concentration to estimate the SGD nutrient endmember. Conservative estimates of groundwater-derived nitrogen into our study area were 8.2 6 1.2 mmol m 22 d 21 , consisting of ammonium 58%, organic nitrogen 28%, and nitrate 14%. By extrapolating these results to a conservatively estimated Gulf Coast Florida shoreline, SGD-derived nitrogen fluxes were comparable to some of the main rivers in the area, illustrating the regional biogeochemical importance of SGD.
Our observations support the proposition that groundwater plays a major role in coastal biogeochemistry and might rival global river nitrogen inputs into the ocean. Because transient processes in the upper subterranean estuary could dominate SGD fluxes, this should be a priority area for future investigations.
